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In recent years, there has been growing interest in the biology of innate lymphoid cells (ILCs), since they have been reported to be crucial mediators involved in immunity and tissue remodeling. ILCs share 3 main characteristics: the absence of somatically rearranged antigen receptors, a lack of myeloid and dendritic cell phenotype markers, and lymphoid morphology [1](#art39811-bib-0001){ref-type="ref"}. ILCs are not a single population, but 3 main subsets can be identified on the basis of their extracellular markers as well as their transcription factors and cytokine profile. Group 1 ILCs comprise classic natural killer (NK) cells and interferon‐γ--producing ILC1, group 2 ILCs are producers of Th2 cytokines, and group 3 ILCs include lymphoid tissue--inducer (LTi) cells and interleukin‐22 (IL‐22)-- and IL‐17--producing ILC3 [1](#art39811-bib-0001){ref-type="ref"}.

These subsets are not totally stable cell populations and a certain degree of functional plasticity among them has been described, mainly in response to inflammatory stimuli [2](#art39811-bib-0002){ref-type="ref"}. ILCs can orchestrate inflammation, innate and adaptive responses, and homeostatic processes throughout the body [3](#art39811-bib-0003){ref-type="ref"}. LTi cells are pivotal players in lymphoid tissue development and homeostasis, since they can closely interact with stromal cells, leading to up‐regulation of adhesion molecules on stromal cells and the production of homeostatic chemokines, thereby promoting the attraction and retention of additional cell types [4](#art39811-bib-0004){ref-type="ref"}. However, although LTi cells are present and capable of secreting different mediators in adult lymphoid tissues [5](#art39811-bib-0005){ref-type="ref"}, little is known about their function in adult tissues. In addition, whether LTi cells are altered in inflammatory conditions remains unknown. In contrast, ILC1, ILC2, and ILC3 have been reported to promote immunity to infection in mucosal and surface barriers (for review, see refs. 1 and 3). Excessive accumulation and/or activation of specific ILC populations has been related to the pathogenesis of a number of diseases, such as inflammatory bowel disease, psoriasis, and asthma [2](#art39811-bib-0002){ref-type="ref"}, [3](#art39811-bib-0003){ref-type="ref"}, [6](#art39811-bib-0006){ref-type="ref"}. Some evidence suggests that experimental targeting of these subsets leading to decreased ILC counts results in alleviation of disease [7](#art39811-bib-0007){ref-type="ref"}, thereby supporting their role in these conditions.

We hypothesize that an altered distribution of ILC subsets may play a role in the pathogenesis of chronic immune‐mediated autoimmune diseases, such as rheumatoid arthritis (RA). Since the production of autoantibodies precedes the development of signs and symptoms of clinical disease in RA [8](#art39811-bib-0008){ref-type="ref"}, we have set up a system to study the earliest phases of RA by selecting individuals who are positive for autoantibodies but have no clinically apparent disease. Such individuals have recently been defined as having a systemic autoimmunity associated with RA (RA risk) as recommended by the Study Group for Risk Factors for RA under the auspices of the European League Against Rheumatism (EULAR) Standing Committee of Investigative Rheumatology [9](#art39811-bib-0009){ref-type="ref"}. Since the production of autoantibodies is initiated in lymphoid tissue, it is hypothesized that lymph node (LN) activation precedes synovial tissue inflammation. We studied the frequency and distribution of ILC subsets in LN biopsy specimens obtained from individuals at risk of RA, patients with RA, and healthy volunteers. Overall, our results show an inflammatory‐biased ILC profile, which may be associated with an impaired LN microenvironment in the earliest phases of RA.

PATIENTS AND METHODS {#art39811-sec-0006}
====================

Study subjects {#art39811-sec-0007}
--------------

We included 12 individuals with systemic autoimmunity associated with RA (RA risk), which was defined as the presence of IgM rheumatoid factor (IgM‐RF) and/or anti--citrullinated protein antibodies (ACPAs) in subjects with arthralgia but without any evidence of arthritis [9](#art39811-bib-0009){ref-type="ref"}. IgM‐RF was measured using an IgM‐RF enzyme‐linked immunosorbent assay (ELISA) from Sanquin with an upper limit of normal (ULN) of 12.5 IU/ml until December 2009, and using an IgM‐RF ELISA from Hycor Biomedical with a ULN of 49 IU/ml thereafter. ACPA was measured using anti--cyclic citrullinated peptide 2 ELISA CCPlus (Euro‐Diagnostica; ULN 25 kAU/liter). After a median follow‐up time of 38.9 months (interquartile range \[IQR\] 12.0--51.4 months), none of these at‐risk individuals had yet developed RA. We also included 12 patients with early RA who met the 2010 American College of Rheumatology/EULAR criteria [10](#art39811-bib-0010){ref-type="ref"}, had not received disease‐modifying antirheumatic drugs (DMARDs) or biologic agents, and had a disease duration (defined by having arthritis in any joint) of \<1 year. Patients with RA and individuals at risk of RA were compared with 7 seronegative healthy controls. Healthy controls had no history of recent viral infection, autoimmunity, or malignancy, and had never received DMARDs, biologic agents, or experimental drugs. The study was approved by the institutional review board of the Academic Medical Center, and all study subjects gave written informed consent. Table [1](#art39811-tbl-0001){ref-type="table"} shows the demographic characteristics of the subjects.

###### 

Demographic and clinical characteristics of the study subjects[\*](#art39811-note-0003){ref-type="fn"}

                                             Healthy controls (n = 7)   Individuals at risk of RA (n = 12)   RA patients (n = 12)
  ------------------------------------------ -------------------------- ------------------------------------ ----------------------
  Sex, no. (%) female                        5 (71)                     8 (67)                               10 (83)
  Age, years                                 31 (28--40)                44 (34--54)                          54 (35--60)
  IgM‐RF positive, no. (%)                   0 (0)                      5 (42)                               9 (75)
  IgM‐RF level, kU/liter                     1 (1--1)                   19 (4--144)                          79 (17--434)
  ACPA positive, no. (%)                     0 (0)                      7 (58)                               7 (58)
  ACPA level, kAU/liter                      3 (1--4)                   97 (3--389)                          81 (1--686)
  ESR, mm/hour                               --                         5.0 (2.0--8.0)                       13 (9.3--21)
  CRP, mg/liter                              0.6 (0.3--1.4)             1.9 (0.6--5.7)                       6.4 (1.1--21.2)
  Tender joint count (28 joints assessed)    --                         2 (1--2)                             4 (1--21)
  Swollen joint count (28 joints assessed)   --                         0 (0)                                8 (4--10)
  DAS28                                      --                         --                                   4.9 (3.9--5.9)

Except where indicated otherwise, values are the median (interquartile range). RA = rheumatoid arthritis; IgM‐RF = IgM rheumatoid factor; ACPA = anti--citrullinated protein antibody; ESR = erythrocyte sedimentation rate; CRP = C‐reactive protein; DAS28 = Disease Activity Score in 28 joints.

Sample processing and flow cytometric analysis {#art39811-sec-0008}
----------------------------------------------

All study subjects underwent ultrasound‐guided inguinal LN needle biopsy as previously described [11](#art39811-bib-0011){ref-type="ref"}. Freshly collected LN biopsy specimens were put through a 70‐μm cell strainer (BD Falcon) to obtain a single‐cell suspension. Then cells were washed in PBA buffer (phosphate buffered saline containing 0.01% NaN~3~ and 0.5% bovine serum albumin \[both from Sigma‐Aldrich\]) and subjected to extracellular staining for 30 minutes at 4°C in PBA with directly labeled antibodies. For ILCs we used the following antibodies: fluorescein isothiocyanate (FITC)--conjugated anti‐CD3 (clone CLB‐T3/2, 16A9; Sanquin), FITC‐conjugated anti‐CD14 (clone CLB‐mon/1, 8G3; Sanquin), FITC‐conjugated anti‐CD19 (clone HIB19; eBioscience), FITC‐conjugated anti‐CD34 (clone 8G12; BD Biosciences), allophycocyanin (APC)--eFluor780--conjugated anti‐CD127 (clone eBioRDR5; eBioscience), anti‐CD45 V500 (clone HI30; BD Biosciences), phycoerythrin‐conjugated anti‐CD117/c‐kit (clone 104D2; eBioscience), and Alexa Fluor 647--conjugated anti‐CD336/NKp44 (clone P44‐8; BioLegend). For LN fibroblasts and endothelial cells, we used anti‐CD45 V500, Alexa Fluor 647--conjugated antipodoplanin (gp38) (clone NC‐08; BioLegend), APC--eFluor780--conjugated anti‐CD31 (platelet endothelial cell adhesion molecule 1) (clone WM‐59; eBioscience), PerCP‐conjugated anti--intercellular adhesion molecule 1 (anti--ICAM‐1; CD54) (clone 1H4; EXBIO), and anti--vascular cell adhesion molecule 1 (anti--VCAM‐1; CD106) (clone STA; eBioscience). Cells were measured using a FACSCanto II flow cytometer (BD Biosciences), and data were analyzed using FlowJo software.

Statistical analysis {#art39811-sec-0009}
--------------------

Non‐normally distributed data are presented as the median and IQR. Differences between study groups were analyzed using the Kruskal‐Wallis test followed by Dunn\'s post hoc test. GraphPad Prism software was used for statistical analysis. *P* values less than 0.05 were considered statistically significant.

RESULTS {#art39811-sec-0010}
=======

To investigate the main ILC subsets, LN cell suspensions were analyzed by flow cytometry following a gating strategy based on phenotype markers that characterize ILC subpopulations [1](#art39811-bib-0001){ref-type="ref"} (Figure [1](#art39811-fig-0001){ref-type="fig"}). First, lineage‐negative events were gated and their expression of CD45 and CD127 was assessed, after which the total ILC population was defined as Lin−CD45^+/low^CD127+. Next, the ILC subsets were distinguished based on their differential expression of c‐Kit and NKp44, with LTi cells defined as c‐Kit+NKp44−, and ILC3 defined as c‐Kit+ NKp44+. Finally, c‐Kit/NKp44 double‐negative cells were considered to be ILC1. Lymphoid morphology was confirmed for each subpopulation. Then, CD69 expression was analyzed in total ILCs as well as in individual ILC subsets, using the Lin−CD45− population as the negative control.

![Gating strategy for analysis of innate lymphoid cells (ILCs). Lymph node biopsy specimens were processed to obtain a single‐cell suspension that was immediately stained for ILC markers. Results from a representative healthy control are shown. **A,** Gating of lineage‐negative (CD3−, CD14−, CD19−, and CD34−) events. **B,** Determination of expression of CD45 and CD127 to identify the total ILC population (Lin−CD45^+/low^CD127+). **C,** Identification of different ILC subsets (lymphoid tissue--inducer \[LTi\] cells, ILC3, and ILC1) based on their expression of NKp44 and c‐Kit. **D,** Backgating to test the lymphoid morphology in each ILC subpopulation.](ART-69-70-g001){#art39811-fig-0001}

First, we observed that the frequency of total ILCs of Lin− events did not differ among the 3 study groups (median 0.19% \[IQR 0.03--0.28%\] in healthy controls, 0.06% \[IQR 0.02--0.20%\] in individuals at risk of RA, and 0.02% \[IQR 0.01--0.17%\] in patients with RA; *P* = 0.301). Also, no difference in the Lin− population was found (*P* = 0.134). Since variability in the sizes of the LN biopsy specimens was noted as an important factor contributing to the variability of ILC number, the frequency of total ILCs within the total number of cells collected (taking into account the frequency of Lin− events) was calculated, revealing no differences among groups (*P* = 0.510).

Next, we analyzed the relative frequencies of the different ILC subsets and, interestingly, we found that their distribution within the total ILC population differed between controls, individuals at risk of RA, and RA patients (Figure [2](#art39811-fig-0002){ref-type="fig"}A). The population of LTi cells, the most abundant ILC subset, was significantly decreased in RA patients compared with healthy controls and individuals at risk of RA, exhibiting a progressive decline according to disease status. In contrast, the ILC1 population was significantly increased in both those at risk of RA and RA patients, and the ILC3 population was significantly increased in RA patients compared with individuals at risk of RA (Figure [2](#art39811-fig-0002){ref-type="fig"}A). The frequencies of ILC subsets were not related to clinical or demographic parameters (data not shown). Additionally, due to the role of CD69 in cell activation and retention as well as its relevance to ILC subsets [12](#art39811-bib-0012){ref-type="ref"}, with higher CD69 associated with enhanced functionality, we evaluated the expression of CD69 on these subsets. A higher frequency of CD69+ ILCs was found in healthy controls (Figure [2](#art39811-fig-0002){ref-type="fig"}B). When individual ILC subsets were examined, this pattern was only observed in LTi cells, while ILC1 and ILC3 showed no significant differences. Overall, these results support the notion that the relative distribution of ILC subsets and their expression of CD69 is altered in LN during the at‐risk phase and earliest phase of RA.

![Analysis of innate lymphoid cell (ILC) subsets in lymph node biopsy specimens from healthy controls, individuals at risk of rheumatoid arthritis (RA), and patients with RA. **A,** Percentages of lymphoid tissue--inducer (LTi) cells, ILC1, and ILC3 among total ILCs. **B,** Frequency of CD69 in total ILCs and in ILC subsets. Symbols represent individual samples; horizontal lines and error bars show the median and interquartile range. Differences between the 3 groups were assessed by Kruskal‐Wallis test (*P* values shown at the bottom of each panel); Dunn\'s post hoc test was then used to compare differences between 2 groups. ∗ = *P* \< 0.050; ∗∗ = *P* \< 0.010; ∗∗∗ = *P* \< 0.001.](ART-69-70-g002){#art39811-fig-0002}

Finally, since LTi cells have been described to influence other, nonlymphoid populations [3](#art39811-bib-0003){ref-type="ref"}, [13](#art39811-bib-0013){ref-type="ref"}, we aimed to study whether changes in LTi cell numbers may be related to changes in endothelial and fibroblast subsets present within the LN. Therefore, VCAM and ICAM expression, quantified as the percentage of positive cells for each marker compared with unstained cells, by endothelial cells (CD45−CD31+) and fibroblastic reticular cells (CD45−CD31−gp38+) was assessed in a subgroup of individuals (4 healthy controls, 2 individuals at risk of RA, and 4 RA patients). The group of individuals with paired samples did not differ from the initial group in age (*P* = 0.700), sex (*P* = 0.825), or disease status (*P* = 0.419). Interestingly, the frequency of LTi cells was positively associated with the expression of VCAM (r = 0.766, *P* = 0.015) and ICAM (r = 0.593, *P* = 0.070) on LN endothelial cells. Similarly, LTi cell numbers correlated with VCAM expression on fibroblastic reticular cells (r = 0.740, *P* = 0.014). LTi cell numbers were not related to the frequency of endothelial or fibroblastic reticular cell populations (both *P* \> 0.050).

DISCUSSION {#art39811-sec-0011}
==========

Our data revealed that the distribution of ILCs changes within the LN compartment during the at‐risk and earliest phases of RA. To the best of our knowledge, this is the first study to demonstrate ILC disturbances within the LN in RA. Although none of the at‐risk individuals developed RA during follow‐up, these individuals produced autoantibodies specific for RA and thus displayed features of systemic autoimmunity associated with RA, hence suggesting a role for ILCs during RA development. Moreover, the frequency of LTi cells was associated with the expression of adhesion molecules by stromal cells, which may suggest potential cross‐talk between ILCs and the stromal cell compartment. Since the pool of total ILCs was unchanged among the different study groups, our results highlight a role for an ILC imbalance in LN as an early event in RA pathogenesis.

During systemic autoimmunity associated with RA, ILCs within the LN microenvironment seem to exhibit a shift from a more "homeostatic" profile, characterized by a higher frequency of LTi cells, toward a more "inflammatory/activated" one, characterized by an increased frequency of potentially proinflammatory cytokine--producing ILC subsets (ILC1 and ILC3). Taking into account that NKp44 can be considered an activation marker, and the fact that RA patients exhibit features of an active adaptive immune response, a link between LN activation and ILC imbalance is supported. Interestingly, dysregulation of ILC subsets and increased ILC3 counts have recently been reported in skin biopsy specimens from psoriasis patients [14](#art39811-bib-0014){ref-type="ref"}. Similarly, increased frequencies of ILC1 and ILC3 have been reported in mucosal or surface barriers in other diseases [2](#art39811-bib-0002){ref-type="ref"}, [3](#art39811-bib-0003){ref-type="ref"}. Taken together, these lines of evidence suggest a role for ILC accumulation as a pathogenic mechanism in tissue damage in the end stages of the disease. Of interest, our findings revealed that skewed ILC distribution is an early event in RA pathogenesis.

Moreover, biased ILC distribution is found in the LN, a place where adaptive immunity is initiated, thus revealing an ILC alteration in a tissue other than the target tissue. An increased frequency of cytokine‐producing ILCs has been associated with pathogenic outcomes [2](#art39811-bib-0002){ref-type="ref"}, [7](#art39811-bib-0007){ref-type="ref"}, [15](#art39811-bib-0015){ref-type="ref"}, whereas their selective inhibition was found to be related to disease abrogation [7](#art39811-bib-0007){ref-type="ref"}, [16](#art39811-bib-0016){ref-type="ref"}. Similarly, excessive LN activation may lead to LN damage, which can be restored by LTi cells [13](#art39811-bib-0013){ref-type="ref"}. Of interest, recent evidence suggests that LTi cells may regulate immune cell homeostasis within LNs [17](#art39811-bib-0017){ref-type="ref"}, [18](#art39811-bib-0018){ref-type="ref"}, including maintenance of T cell memory [19](#art39811-bib-0019){ref-type="ref"}. Thus, the ILC profile may be a pivotal player for regulation of immune homeostasis and function [20](#art39811-bib-0020){ref-type="ref"}. It is challenging to determine the underlying mechanisms driving this ILC imbalance, although changes in cytokine production within the LN microenvironment as a consequence of LN activation preceding RA development [21](#art39811-bib-0021){ref-type="ref"} may be key in the orchestration of ILC differentiation [2](#art39811-bib-0002){ref-type="ref"}. Interestingly, although evidence is limited, some cytokines altered during LN activation [21](#art39811-bib-0021){ref-type="ref"}, [22](#art39811-bib-0022){ref-type="ref"} are related to certain ILC subsets.

It is difficult to ascertain whether the altered ILC distribution can have an impact on the function of the LN microenvironment from a mechanistic point of view. However, our paired analysis of endothelial and fibroblast subsets provides some insight. One of the main functions of LTi cells is the production of lymphotoxin α1β2 (LTα1β2), which promotes the expression of adhesion molecules on stromal cells [2](#art39811-bib-0002){ref-type="ref"}, [4](#art39811-bib-0004){ref-type="ref"}, thereby promoting migration and colonization of hematopoietic cells during LN development or after injury. Accordingly, our results highlight an association between the frequency of LTi cells and the expression of VCAM and ICAM on endothelial and stromal cells. This finding may be consistent with current evidence linking LTi cells with LN homeostasis, where LTi cell--derived LTα1β2 plays a pivotal role. Abrogation of LTα1β2 signaling leads to decreased expression of homeostatic chemokines and survival factors by stromal cells, which is essential for LN reestablishment after infections [13](#art39811-bib-0013){ref-type="ref"}. Thus, a disturbed capacity to resolve an infection might lead to activation of autoreactive lymphocytes. Therefore, it may be speculated that the reduced LTi cell counts in RA patients might reflect an impaired function of LN remodeling. Hence, relatively low LTi cell numbers may aid an autoimmune‐prone LN microenvironment through their effects on stromal cells; however, this warrants further functional studies.

It is interesting to note that not only was the frequency of LTi cells decreased, but CD69 expression was also lower in those at risk of RA and in RA patients. Interestingly, a high frequency of CD69+ ILCs in blood has been related to a better outcome upon hematopoietic stem cell transplantation [12](#art39811-bib-0012){ref-type="ref"}, thus suggesting a link between CD69 expression on ILCs and protective/reparative mechanisms. The decreased LTi cell numbers and lower CD69 expression is consistent with the proposed role of CD69 as a marker for cell retention [23](#art39811-bib-0023){ref-type="ref"}. However, what triggers LTi cells to down‐regulate CD69 and potentially cause the egress of LTi cells remains to be determined.

Since we did not analyze ILC2, it could be that ILC frequencies, especially that of ILC1, are overestimated. Another point that should be addressed is the ILC nomenclature adopted in this manuscript. Since there is no consensus about whether adult LTi cells resemble their fetal counterparts, some authors have proposed alternative terms (LTi‐like or natural cytotoxicity triggering receptor--negative ILC3). However, we preferred to follow the recent proposal for uniform ILC nomenclature by leading experts [1](#art39811-bib-0001){ref-type="ref"}. The observed association between LTi cell frequency and the expression of adhesion molecules on stromal cells, the central role for LTi cells, supports our decision. ILC functionality in vitro may not be representative of that in vivo, and the small sample size of the LN needle biopsy specimens hampers isolation of low‐frequency ILC subsets, which makes functional studies rather challenging. However, our findings warrant further additional studies of ILC functionality. Overall, the present study is the first to show an imbalance between homeostatic and inflammatory ILC subsets in LN biopsy specimens obtained during the at‐risk and earliest phases of RA, which may underlie the earliest steps in RA pathogenesis.
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